We show that the gas in growing density perturbations is vulnerable to the influence of winds outflowing from nearby collapsed galaxies that have already formed stars. This suggests that the formation of nearby galaxies with masses ∼ < 10 9 M ⊙ is likely to be suppressed, irrespective of the details of galaxy formation. An impinging wind may shock heat the gas of a nearby perturbation to above the virial temperature, thereby mechanically evaporating the gas, or the baryons may be stripped from the perturbation entirely if they are accelerated to above the escape velocity. We show that baryonic stripping is the most effective of these two processes, because shock-heated clouds that are too large to be stripped are able to radiatively cool within a sound-crossing time, limiting evaporation. The intergalactic medium temperatures and star-formation rates required for outflows to have a significant influence on the formation of low-mass galaxies are consistent with current observations, but may soon be examined directly via associated distortions in the cosmic microwave background, and with near-infrared observations from the Next Generation Space Telescope, which may detect the supernovae from early-forming stars.
INTRODUCTION
Outflows from dwarf starbusting galaxies have long been the subject of theoretical and observational investigation. Since the 1970s, theoretical work has shown that supernovae (SNe) and OB winds in these low-mass objects produce energetic outflows that shock and enrich the intergalactic medium (IGM) in which they are embedded (Larson 1974; Dekel & Silk 1986; Vader 1986 ). This behavior has been clearly identified in studies of both local starbursting galaxies (Axon & Taylor 1978; Heckman 1997; Martin 1998 ) and their environments (della Ceca et al. 1996; Bomans, Chu, & Hopp 1997) as well as with spectroscopy of high-z galaxies (Franx et al. 1997; Frye, Broadhurst & Sprinrad 1999) .
Whether these outflows lead to a catastrophic loss of the interstellar gas in these objects is much more uncertain, with recent simulations and observations suggesting that dwarfs are very inefficient in removing gas from their cores (Mac Low & Ferrara 1999; Murakami & Babul 1999) . However, the issue of whether dwarfs retain a sizeable fraction of their gas is to some degree decoupled from the formation of outflows. In galaxies in the mass range 10 7 M ⊙ ∼ < M ∼ < 10 9 M ⊙ , Mac Low & Ferrara (1999) have shown that a "blowout" occurs in which the superbubbles produced by multiple SNII explosions punch out of the galaxy, shocking the surrounding IGM while failing to excavate the interstellar medium of the galaxy as a whole.
In the generally investigated hierarchical models of structure formation, low-mass galaxies form in large numbers at early times (e.g. White & Frenk 1991) are highly clustered (Kaiser 1984) . The existence of a large number of small and clustered galaxies at early times is also favored observationally by the steep number counts and low luminosities of faint galaxies (Broadhurst, Ellis & Glazebrook 1992) , the sizes of faint galaxies in the Hubble Deep Field (HDF) (Bouwens, Broadhurst, & Silk 1999a,b) , and the clustering properties of Lyman-break galaxies . Locally however, the number density of low-mass objects is far less than predicted theoretically (Ferguson & Binggeli 1994; Klypin et al. 1999; Moore et al. 1999) , leading to theoretical studies into the disruption of dwarves by tidal forces from neighboring objects (Moore, Lake, & Katz 1998) and external UV radiation ( Norman & Spaans 1997; Corbelli, Galli, & Palla 1997; Ferrara & Tolstoy 2000) .
Little attention has been directed however, toward the influence of outflows on the formation of neighboring galaxies, despite the fact that typical outflow velocities exceed the virial velocities of objects in the mass range in which the overabundance is most severe. In a companion article (Scannapieco & Broadhurst 2000) we describe the effects of heating and enrichment by outflows on galaxy formation using a Monte Carlo treatment of hierarchical structure formation. Here we show using simple scaling arguments that suppression of galaxy formation by outflows from dwarf galaxies is important over a large range of halo masses, irrespective of the details of cosmological simulations.
The structure of this work is as follows. In §2 we consider two scenarios for the suppression of dwarf galaxy formation by outflows. In §3 we show that the outflow models considered fall well within the bounds of current observations. Conclusions are given in §4.
SUPPRESSION OF GALAXY FORMATION
We consider two processes by which outflows from neighboring dwarves inhibit the formation of a galaxy. In the "mechanical evaporation" scenario, the gas associated with an overdense region is heated by a shock to above its virial temperature. The thermal pressure of the gas then overcomes the dark matter potential and the gas expands out of the halo, preventing galaxy formation. In this case, the cooling time of the collapsing cloud must be shorter than its sound crossing time, otherwise the gas will cool before it expands out of the gravitational well and will continue to collapse.
Alternatively, the gas may be stripped from a perturbation by a shock from a nearby source. In this case, the momentum of the shock is sufficient to carry with it the gas associated with the neighbor, thus emptying the halo of its baryons and preventing a galaxy from forming. In the following we evaluate the importance of these two effects in turn.
Mechanical Evaporation
The first mechanism we consider is the shock heating of the halo gas to a temperature sufficient to cause the gas to evaporate into the IGM. This will happen for cases in which the virial temperature of the object T v is less than the postshock temperature T s , where T s can be written for an adiabatic shock as
where µ is the molecular weight of the gas, which we take to be 0.6, m p is the proton mass, k is Boltzmann's constant, and v s is the velocity of the expanding shock.
For the typical outflows we will be considering, the blast wave reaches the neighboring perturbation of interest within one cooling time t c ≈ kTs neΛ , wheren e = 4.5 × 10 −7 (1 + z) 3 h 2 cm −3 is the average number density of electrons, Λ is the cooling function which we normalize to Λ −22 ≡ Λ/10 −22 erg cm 3 s −1 , and h is the Hubble constant in units of 100 km/s/Mpc. Here and below we take the baryonic density in units of the critical density to be Ω b = 0.05. Thus the shock velocity can be approximated by a Sedov-Taylor blast wave solution,
where N is the number of supernovae driving the bubble (each with a total energy 2 × 10 51 erg to take into account the contribution from stellar winds), ǫ is the total-tokinetic energy conversion efficiency, d c,kpc is the comoving distance from the explosion site in kpc ×h. The Compton drag on the expanding shock as well as the Hubble expansion are easily shown to be negligible for our purposes in this paper (Ferrara 1998; Scannapieco & Broadhurst 2000) . From the relation
and Ω 0 is the matter density in units of the critical density, it follows that collapsed objects with total masses lower than M 6 ≤ 3.5 × 10
will be affected by shock heating and evaporation. We estimate d c,kpc as the mean spacing between objects of a mass scale M , which is appropriate as the outflowing objects and the forming density perturbations of interest are of roughly the same mass scales:
which gives
Assuming that one SN occurs for every 100 M ⊙ of baryons which form stars (see eg. Gibson 1997) we can relate the number of SNe and the mass of the halo as N h = 500M 6 ǫ sf Ω −1 0 , where ǫ sf is the initial star formation efficiency. Assuming an initial star formation efficiency of ǫ sf = 0.1 and a kinetic energy conversion efficiency of ǫ = 0.2 we can estimate ǫN h as approximately 10M 6 Ω −1 0 , and thus we expect ǫN h ≈ 5000Ω −1 0 for typical dwarf-galaxy sized objects of ∼ 5 × 10 8 M ⊙ . The relation given by Eq. (4) is shown by the upper lines in Fig. 1 for ǫN h = 10 4 . Also shown for reference on this plot is the mass below which effects due to photoevaporation are important (M 6 ∼ < 4.4 × 10
). Galaxies with masses below this limit are readily evaporated by the UV background after the reionization of the universe (Barkana & Loeb 1999; Ferrara & Tolstoy 2000) 2.1.1. Cooling
To suppress galaxy formation, however, it is not enough only to heat the halo gas, because the gas could cool rapidly and fall back towards the center of the object. Therefore Eq. (4) is a necessary but not sufficient condition for mechanical evaporation. The second condition requires that the gas remains hot for the time required to escape the system, or that the cooling time be longer than the the sound crossing time, kTs neΛ ≥ ℓ/c s , where ℓ is size of the halo, c s = (kT s /µm h ) 1/2 is the sound speed, and n e =n e δ where δ ≡ ρ/ρ 0 is the overdensity of the region, ρ 0 is the mean density of the universe. This gives M 6 ∼ < 2.3(ǫN h) 9/11 (1 + z) −12/11 δ −4/11 h −6/11
which forms the upper bound of the cross-hatched region in Figure 1 . Here we see that for both cosmological models, the cooling vastly undercuts the minimum mass necessary for disruption by heating, dropping below the photoevaporation limit in the ΛCDM model. While it is relatively easy for galactic outflows to shock low-density gas to above the virial temperatures of the potential, this excess energy is efficiently radiated away for most large clouds.
Baryonic Stripping
The second possibility is that all the gas is striped by the impinging shock. We may estimate that this will occur when the shock moves through the center of the halo with sufficient momentum to accelerate the gas to the escape velocity of the halo: f M s v s > M c v e where f = ℓ 2 /4d 2 is the solid angle of the shell impinging on the lump, M s is the mass of material swept up by the expanding shock, M c = (4π/3)ρ c Ω b δℓ 3 is the baryonic mass of the cloud whose radius is ℓ, and v e = (GM/ℓ) 1/2 is the escape speed from the cloud. Solving for the mass that can be swept up as function of redshift and replacing d c,kpc by the mean separation as estimated from Eq. (3) gives
which is also plotted in Figure 1 . Here we see that while it is significantly easier to heat a cloud than to sweep away its baryons, the short cooling times of most halos cause baryonic stripping to have the greatest impact on the formation of nearby galaxies. Note that in this plot the density is taken to be only twice that of the mean density of the universe. Thus it is important that the perturbation be in the linear or weakly nonlinear regime for this mechanism to be effective. As the time between turn-around and virialization is relatively short, however, most protogalaxies are likely to be at these low density contrasts when shocked by neighboring objects.
OBSERVATIONAL CONSTRAINTS

Compton y-parameter
While widespread baryonic stripping of dwarf galaxies is a generic consequence of associating outflows typical of local dwarfs with primordial dwarf galaxies, it is important to check that this extrapolation to higher redshift is consistent with observational constraints. An unavoidable result of widespread IGM heating is the presence of spectral distortions in the cosmic microwave background (CMB). The degree of these distortions is given by the Compton y parameter which is simply the convolution of the optical depth with the electron temperature along the line of sight (Zel'dovich & Sunyaev 1969; Sunyaev & Zel'dovich 1972) . To calculate the mean y we make use of the fact that the total optical depth within ionized regions must be within the observational limit of τ ∼ < 0.5 (Griffiths, Barbosa, & Liddle 1999) . As the total optical depth within outflows must be less than the total optical depth overall we can estimate this convolution as
where r i is the initial size of the blast, which we take to be 1h −1 comoving kpc, and V 4 is the volume defined by the radius outside which the temperature of the blast drops below the ionization temperature of hydrogen ≈ 10 4 , which is readily estimated from Eq. (1) and (2) to be equal to 15 (ǫN h) 1/3 h −1 (1 + z) −1 kpc. This gives
where we take (ǫN h) = 10 4 . This is within the bounds set by the COBE data of y ≤ 1.5 × 10 −5 (Fixsen et al. 1996 ), but only marginally. This suggests that future CMB experiments may help to constrain the degree of IGM heating by outflows.
Point Source Luminosities
A second consequence of widespread dwarf outflows is the presence of objects seen as point sources in deep surveys. A SN number of N ≈ 5 × 10 4 implies that the local star formation rate is roughly 0.5M ⊙ /yr. The question arises if objects with these luminosities could have escaped detection as point sources in the HDF. Assuming a Salpeter initial mass function, Ciardi et al. (2000) give the luminosity per unit frequency at the Lyman limit obtained from the adopted spectrum of a primordial galaxy at early evolutionary times as j 0 = 4 × 10 20 M ⋆ erg s −1 Hz −1 , where M ⋆ is the stellar mass of the object. Scaling to the stellar mass value implied by the assumed efficiency of massive star formation, M ⋆ = 5 × 10 6 M ⊙ , we find for the luminosity of the SN parent cluster of stars L ν ≃ 6 × 10 42 erg/s at the Lyman limit. The observed flux is then
2 L , where ν 0 = ν/(1 + z) is the observed frequency. This gives approximately F = 12(1 + z) −1 h 2 nJy. In order to be observed in the HDF optical filter centered at 6060Å (V 606 ), the object should be located at redshift 1+z = 6.6, thus with a flux equal to ≈ 2h 2 nJy. This value corresponds to a AB magnitude V AB = 30.6 which is well below the limiting magnitude of the HDF for point sources (typically 28 mag, see Mannucci & Ferrara 1999) . However, these objects may be detectable by the Next Generation Space Telescope, which should reach AB magnitudes of order 32 in the near infrared, although dust extinction may complicate this analysis.
CONCLUSIONS
Using simple scaling arguments, we have shown that outflows from low-mass galaxies play an important role in the suppression of the formation of nearby dwarf galaxies. While the details of this process depend on the spatial distribution of forming galaxies, and can be only be studied in the context of cosmological simulations (Scannapieco & Broadhurst 2000) , the overall implications of this mechanism can be understood from the general perspective of hierarchical structure formation.
In principle, outflows can suppress the formation of nearby galaxies both by shock heating and evaporation and by stripping of the baryonic matter from collapsing dark mater halos; in practice, the short cooling times for most dwarf-scale collapsing objects suggest that the baryonic stripping scenario is almost always dominant. This mechanism has the largest impact in forming dwarves in the ∼ < 10 9 M ⊙ range which is sufficiently large to resist photoevaporation by UV radiation, but too small to avoid being swept up by nearby dwarf outflows.
It is interesting to note that numerical studies working from a different perspective have similarly shown that momentum transfer is the most important feedback mechanism in determining the internal structure of larger galaxies. While SN heating is relatively ineffective at regulating star formation in numerical models, accounting for the kinetic component of SN feedback has resulted in quasistationary models of disc galaxies with reasonable star formation rates (see eg. Katz 1992; Navarro & White 1993; Mihos & Hernquist 1994; Springel 2000) .
Various analytical and N-body studies (Kauffmann, White, & Guiderdoni 1993; Klypin et al. 1999; Moore et al. 1999) have shown that ∼ 50 satellites with circular velocities ∼ 20 km/s and masses ∼ 10 9 M ⊙ should be found within 600 kpc of the Galaxy, while only 11 are observed. While the fraction of objects suppressed is dependent on the assumed cosmology and spatial distribution of galaxies, the partial suppression of the formation of objects in this mass range is a general consequence of baryonic stripping by outflows. Note that dark matter halos which are subject to sweeping are likely to accrete some gas at later times and thus this scenario provides a natural mechanism for the formation of "dark" Milky Way satellites, which may be associated the abundant High-Velocity Clouds as discussed by Blitz et al. (1999) . Also, this population of halos could be identified with the low mass tail distribution of the dark galaxies that reveal their presence through gravitational lensing of quasars (Hawkins 1997) .
The existence of an era of widespread IGM heating through outflows is consistent with current CMB constraints, but causes a mean spectral distortion in the range that will be probed by the next generation of experiments. Similarly, the luminosities of the majority of the starbursting dwarfs that contribute to this process are beyond the limiting magnitudes of the Hubble Deep Field, but may be observable with of the Next Generation Space Telescope. Thus it may be in the near future that we can directly observe the era in which dwarf galaxies were first formed and the impact of galactic outflows on this process. 0 , the overdensity δ = ρ/ρ 0 = 2.0, Ω b = 0.05, h = .65, and the cooling function Λ −22 = 1 as described in §2.1.1. Note that photoevaporation affects a larger mass range than mechanical evaporation in the ΛCDM cosmology.
